Abstract. Heterogeneous catalytic recombination of hydrogen with oxygen is one of the methods used to remove hydrogen from the containment of a light-water nuclear reactor (LWR). Inside a passive autocatalytic recombiner (PAR), hydrogen and oxygen molecules are adsorbed at catalyst active spots and they recombine to yield water. Heat released in this exothermic reaction creates natural convection of gas in the spaces between the elements supporting a catalyst. Hot and humid gas fl ows upwards into the PAR chimney, while fresh, hydrogen-rich gas enters the PAR from below. Catalytic recombination should start spontaneously at room temperature and low hydrogen concentration. Computational fl uid dynamics (CFD) has been used to study the dynamic behaviour of a plate-type Areva FR-380 recombiner in a quiescent environment for several test scenarios, including different rates of increase in hydrogen concentration and temporary catalyst deactivation. A method for the determination of pressure boundary conditions at the PAR exits was proposed and implemented into a CFD code. In this way, transient operation of PAR could be simulated without the need to model gas circulation outside the device. It was found that fi rst a slow downward fl ow of gas is developed, which may persist until the temperature of the catalyst foils rises. As soon as the gas inside the PAR absorbs enough heat to become lighter than the gas outside the PAR, it starts to fl ow upwards. Criteria for determining the start-up time of PAR were proposed. Model predictions were also compared with experimental data obtained in tests conducted at the THAI facility.
Introduction
Gaseous hydrogen can be released in large quantities during inadequate core cooling of a light-water nuclear reactor (LWR). Overheating of the reactor accelerates the processes responsible for hydrogen emission, such as oxidation of zirconium claddings and metal support elements. In the case of a severe accident, hydrogen may be generated by reactions of the molten core with steam and concrete [1] . Even during normal operation of the LWR, hydrogen is produced by corrosion of the metal support elements and radiolysis of water. In case of a severe accident, this light gas accumulates in the reactor containment, creating a highly fl ammable mixture with air. Accidental ignition of the hydrogen-air mixture in a confi ned space can cause defl agration or even detonation. Resulting mechanical and thermal shocks can damage the nuclear steam supply system (NSSS) equipment and piping, as well as other vital systems of the reactor, and breach the reactor containment [2] . Various active and passive methods can be used to mitigate hydrogen hazard, such as mixing of the containment atmosphere by natural or forced convection, pre-or post-accident dilution A. Rożeń of hydrogen with neutral gas (e.g. nitrogen), containment venting, controlled hydrogen ignition with spark or catalytic igniters and resistance heaters, as well as catalytic hydrogen recombination. Strategic combinations of hydrogen mitigation techniques are also applied in practice, e.g. controlled ignition with either catalytic recombination or forced mixing [1] .
Catalytic recombination of hydrogen with oxygen may be conducted in conventional recombiners, where a hydrogen-air stream is forced to fl ow over a heated catalyst, or in passive recombiners, where gas fl ows along the catalyst surface due to natural convection. Hydrogen and oxygen molecules are adsorbed on the catalyst active spots and react, producing water, which is then desorbed as steam into the gas phase. The heat of the exothermic recombination reaction warms up the gas contacting the catalyst. Consequently, a buoyancy-driven fl ow of gas is created along the vertical channels formed between metal foils, grids or honeycomb structures, supporting a thin layer of the palladium or platinum catalyst. Passive autocatalytic recombiners have the shape of a metal box with bottom and top exits, as shown in Fig. 1 [3, 4] . Metal or ceramic elements supporting the catalyst are mounted in the lower part of the passive autocatalytic recombiner (PAR). A cold hydrogen-air mixture enters the PAR via the bottom opening and fl ows along the short catalyst section, where hydrogen recombination and gas heating occurs. Then, a hot and humid post-reaction mixture fl ows into the long empty section (chimney) of the PAR, where a draft force is created, and fi nally exits to the surrounding air. Recent fi ndings [5, 6] indicate that the self-start of hydrogen recombination in the PAR, marked by a quick rise of the catalyst temperature, occurs at room temperature and low hydrogen concentrations (1-2 mol.%), provided that the catalyst has not been fouled, e.g. by dust, moisture or carbon monoxide. Unlike a conventional recombiner, the PAR operates without any external power input until enough hydrogen and oxygen are present in the air. Once the PAR warms up, it can swiftly adapt to changes in the environment composition, temperature and pressure [3] . Hence, after the start-up period, the PAR works almost in a quasi-equilibrium mode. The overall equilibrium rate of the recombination reaction depends on PAR geometry and on the composition, temperature and pressure of the inlet gas [7] . However, when evaluating a commercial PAR or designing a new recombiner, one should consider both the nominal recombination rate and the expected start--up time. For example, the long chimney section shall increase the gas throughput and recombination rate due to stronger chimney draft force, but it may also lengthen the start-up phase due to longer residence time and higher gas inertia in the PAR.
The start-up behaviour of various passive recombiners has been studied experimentally. Blanchat and Malliakos [8] investigated a NIS/RWE recombiner at the Surstey test facility. The tested PAR contained fl at vertical cartridges with porous spherical ceramic pellets, coated with palladium. Experiments performed in the hot (375 K) and steamy atmosphere (50 mol.% H 2 O) showed a rapid temperature rise of the catalyst after 10 min from the start of hydrogen injection. Reinecke et al. [9] experimented with the Siemens design recombiner at the REKO-3 test facility. When a dry air stream with 4 mol.% of hydrogen at room temperature was forced into the test PAR, comprising four thin metal foils coated with platinum, the catalyst temperature increased to >100°C within 5 min. Kelm et al. [10] performed tests at the REKO-3 test facility aimed at determining how the start-up period would be affected by catalyst poisoning with organic and sulphur compounds. Temperature of an active catalyst rose above 100°C within 2-3 min from the fi rst hydrogen injection into the inlet gas. When the poisoned catalyst was used, it took almost 30 min before its temperature exceeded 100°C. Hydrogen-rich gas was forced into the PARs at the REKO-3 test facility, so the tested recombiners could not work in a fully autonomic mode, contrary to the PARs used at the THAI (thermal-hydraulics, hydrogen, aerosol, and iodine) facility [3, 11] . Three different PARs, namely, Areva/Siemens, AECL and NIS, were successively tested in a large compartment. The experiments showed considerable scatter in the length of the start-up period for all the tested PARs. For example, the quickest start-up of the Areva PAR took place at the 4th minute after the fi rst hydrogen injection, when its concentration at the PAR inlet increased up to 0.2 mol.%, while the slowest start-up occurred in the 24th minute from the fi rst hydrogen injection, when its inlet concentration reached 4.4 mol.%. Generally, high gas pressure accelerated the start-up of the PAR, while high gas humidity slowed it down. According to Kanzleiter [3, 11] , deactivation of the catalyst used in the Areva PAR could be reversed by high temperature, which was not the case for the catalysts used in the AECL (possible corrosion of foils) and NIS (failure of hydrophobic catalyst coating) PARs. A very interesting phenomenon was reported by Simon et al. [5] , who experimented with the Areva design PAR at the REKO-4 test facility. Catalyst temperature increased faster at the upper edge of a supporting metal foil than at the lower edge. Eventually, after 5 min, the lower edge of the catalyst foil became hotter than the upper edge, as in the experiments with forced gas fl ow [9] . Similar dynamic reversal of the temperature profi le along the catalyst foil during the start-up period was determined experimentally by Liang et al. [6] for the AECL PAR operating in a 120 m 3 test chamber. Modelling of the start-up behaviour of the PAR with computational fluid dynamics (CFD) methods can provide further insight into complex and mutually linked processes of momentum, mass and heat transport occurring in this device. The CFD technique offers time and spatial resolution hardly available or even impossible to achieve in experiments. However, it is not an easy task to construct a CFD model to effectively simulate the initial period of PAR operation with realistic transient boundary conditions. A straightforward solution of this problem is to simultaneously model PAR operation and gas convection in a large space surrounding the device. Unfortunately, space scales characterizing the transport processes occurring within the channels between the catalytic foils are a few millimetres in size, whereas rooms in the reactor containment, where the recombiners are installed, have dimensions of tens of metres. That is why parallel numerical modelling of both hydrogen recombination occurring inside multiple narrow channels and gas convection taking place in the big space domain requires large computer resources. Hence, this type of direct CFD modelling can be efficiently applied for recombiners comprising a limited number of catalytic foils in a two-dimensional (2D) compartment space [12] . In order to reduce computational effort, a single-equation model [13, 14] or a 2D model [15, 16] of the catalytic section of the PAR can be combined with a 3D CFD model of gas convection and mixing. A typical hybrid approach assumes a quasi-stationary mode of PAR operation during each time integration step of the main CFD routine. However, when hydrogen concentration increases rapidly in the surrounding air, one should take into account all transient phenomena occurring inside the PAR. Consequently, a new approach is required to provide information on the transient behaviour of the passive catalytic recombiner.
The present study is aimed at formulating a CFD model effective in terms of central processing unit (CPU) and random access memory (RAM) usage and capable of predicting in detail the operation of a plate-type hydrogen PAR from cold start to fully developed gas fl ow. ANSYS Fluent software was used in this work to solve the momentum, enthalpy and mass transport differential equations describing transient PAR operation in quiescent air. Realistic pressure boundary conditions, inferred from the overall energy balance of the gas stream fl owing via the recombiner box, were applied at the PAR exits to simulate its fully autonomic performance. Surface recombination reactions, natural convection of heat and mass, chimney draft force, as well as molecular and thermal diffusion of gas components, along with heat conduction and heat transfer by radiation between the catalytic foils, were accounted for. The model was fi nally tested by comparing its predictions with the experimental results obtained in tests of the Areva FR-380 recombiner conducted at the THAI facility.
Modelling details
Transient performance of a commercial Areva FR-380 PAR [4] was modelled by means of the CFD software ANSYS Fluent 17.2. The catalyst section of this recombiner consists of 38 stainless steel foils that are 0.280 m wide and 0.140 m high (Fig. 1) . The foils are placed at 0.01 m intervals and their side surfaces, framing the vertical channels, are covered with washcoat platinum. The entire PAR is 10 times higher than the catalyst section, and most of this height is attributed to the chimney. The internal cross-section of the PAR box is 0.41 m wide and 0.32 m deep. Three top gas outlets are located at the front and side walls of the PAR.
Computational domain
Processes of momentum, heat and mass transport occurring in the catalyst section can be considered virtually 2D [17] . It is also assumed that due to a large number of identical catalyst sheets, the process conditions existing in each repetitive part of the catalyst section do not differ signifi cantly. Therefore, numerical solution of a system of differential transport equations could be conducted in a simplifi ed 2D geometry, as shown in Fig. 2 , where the control volume extends from the bottom inlet to the lower edge of the front exit and comprises a single channel between two catalytic foils. The control volume can be extended on more channels, e.g. in the case when the catalyst is not fully active at all foils. It should be noted, however, that this type of approach neglects the heat accumulation in the recombiner metal parts and the heat transfer to the environment by the recombiner casing. It may result in overprediction of the outfl owing gas temperature at the end of the start-up period and underprediction of this temperature during the cooling phase when there is little hydrogen in the environment.
Physical properties of the gas phase and the catalytic foils During normal reactor operation and at the initial stage of an accidental loss of coolant, gas pressure inside the containment building is low enough, so a gas mixture of: nitrogen, oxygen, hydrogen and steam, present in the gas fi lling the PAR, can be described as an ideal gas. Hence, the ideal gas law and the standard kinetic theory of gas were used /s] of the gas components. On the other hand, empirical correlations [18] were used to determine the specifi c heat of the gas components c p,i [J/(kg·K)], while the specifi c heat of the gas mixture c p [J/(kg·K)] was obtained as the mass average of the particular specifi c heats.
The metal sheets supporting the thin catalyst layer were assumed to have the typical properties of stainless steel [19] : density  s  7700 kg/m 3 , thermal conductivity k s  25 W/(m·K) and specifi c heat c p,s  460 J/(kg·K). The emissivity coeffi cients  k applied in calculations of radiative energy fl ux were as follows: catalyst surface 0.8 [20] , stainless steel surface 0.25 [21] and the PAR inlet and outlet 1.0. The heat radiation absorption by the gas phase could be neglected in computations due to the low steam concentration [16] ; maximum local steam concentration obtained in simulations was <10 vol.%.
Recombination kinetics
Heterogeneous recombination of hydrogen and oxygen is a complex process consisting of many elementary reactions proceeding at the catalyst surface [22] . The overall scheme of the catalytic recombination reaction reads as follows:
This reaction is fast enough to be controlled to a large extent by molecular diffusion of reactants towards the reaction zone, so one can use a simple one-equation kinetic model, as follows (2) without signifi cant loss of model accuracy. The pre-exponential factor B  14 m/s and the reaction activation energy E  16.1 kJ/mol were calculated from the experimental data reported by Schefer et al. [23, ] indicates the molar concentration of hydrogen in the gas adjacent to the catalyst surface. The recombination reaction of hydrogen with oxygen is highly exothermic and, in standard conditions, its enthalpy equals H r  2.42 × 10 5 kJ/kmol. The reaction heat is absorbed by the catalyst sheet and the gas adjacent to its surface. When the temperature of the catalytic foil is increased, some part of this heat is radiated mainly to the neighbouring catalytic foils.
Governing equations
The governing equations for the gas phase are as follows: -continuity
-mass balance of gas components (5) -energy balance (6) -ideal gas law (7) The stress tensor for compressible and Newtonian fl uids, present in Eqs. (4) and (6), is represented as follows:
The diffusion fl ux in the fl uid of i-th component reads as follows: (9) The energy per unit fl uid mass is defi ned as follows: 
where the species enthalpy equals (11) When the simulated gas fl ow in the recombiner becomes turbulent, Favre's mass averaging method is applied to the transport equations due to variable gas density. The solution variables are decomposed into the mean (v -
The stress tensor in the averaged transport equations must be supplemented with the Reynolds stress:
The molecular diffusivity coeffi cient is replaced by the effective diffusivity:
The thermal conductivity coeffi cient is replaced by the effective thermal conductivity:
Unknown a priori components of the Reynolds stress ( t,kl ), turbulent diffusivity (D t,i ) and turbulent thermal conductivity (k t ) have to be computed from a closure hypothesis.
Finally, the heat conduction equation in the metal foils reads as in Eq. (15): (15) where the enthalpy of steel is defi ned as (16) 
Initial conditions
The following initial conditions are applied: -gas at rest v
-uniform temperature of gas and the catalytic foils T  298 K, -uniform molar fractions of gas components:
Boundary conditions
Temperature of the gas in the surrounding air was set to 298 K, while its composition is subject to a ramp change for a specifi ed period of time (t) and, then, it is kept constant:
Two sets of pressure boundary conditions at the PAR bottom and top openings are formulated for the upward and downward gas fl ow: -downward fl ow (bottom exit) (19) -downward fl ow (top entrance) (20) -upward fl ow (bottom entrance) (21) -upward fl ow (top exit) (22) Pressure outside the PAR box at the level of its bottom edge p 0 [Pa] was equal to 1013 kPa, but it can also change according to a given scenario, similar to the gas composition or temperature outside the PAR. Symbols h 1 , h c , and h 2 [m] are the heights of the lower inlet, the catalyst section and the upper PAR outlet, respectively.
] denote, respectively, the cross-sectional area, hydraulic diameter, average gas velocity and density in the lower inlet (i  1) and upper outlet (i  2) sections, while A c [m 2 ] is the cross-sectional area of the catalyst section exposed to gas fl ow. Pressure boundary conditions (Eqs. (19)- (22)) contain the correction terms for the dynamic pressure, friction and local head losses in the lower inlet section as well as in the upper chimney section of the recombiner. These corrections were necessary because the computational domain comprised only a single channel of the catalyst section (Fig. 2) . The local head losses occur during the downward fl ow at the following points: the PAR top entrance  02  1.8, the top of the catalyst section  2c  0.16, the bottom of the catalyst section  c1  0.048 and the PAR bottom exit  10  1. During the normal upward fl ow, the local
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head losses appear at the following points: the PAR bottom entrance  01  0.5, the bottom of the catalyst section  1c  0.160, the top of the catalyst section  c2  0.048 and the PAR top exit  20  3.5. The loss factors  ij were taken from Idelchik [24] . The length of the inlet section and even the chimney section is too short to allow the development of a stable shape of a gas velocity profi le. Hence, the friction factors in these sections  1 and  2 were calculated as for hydrodynamically developing fl ow. If the fl ow was laminar, the correlation of Shah and London [25] was used; otherwise the formula proposed by Zhi--qing [26] was adopted. The turbulence present in the inlet gas is characterized by three dimensionless indices: turbulence intensity (set to 5%), the ratio of turbulence to molecular viscosity (equal to 10) and the intermittency coeffi cient (set to unity).
The following boundary conditions were applied at solid walls: -no slip condition (23) -heat fl ux at the catalyst surface (24) -heat fl ux at the lower and upper edges of the catalyst foils (25) -mass fl ux of the i-th gas component at the catalyst surface
-mass fl ux of the i-th gas component at the lower and upper edges of the catalyst foils (27) where /n denotes the normal gradient operator at the wall. Furthermore, zero momentum, heat and mass fl uxes were set at the left and right borders of the computational domain, running along the symmetry planes of the catalytic foils. 
Numerical methods
A system of governing equations for the gas phase (Eqs. (3)- (7)) and the metal foils (Eq. (15)) with initial and boundary conditions was solved numerically along with the radiative energy balance by the ANSYS Fluent code. The solution in the space domain was obtained by the fi nite volume method, and implicit time integration was applied to time-dependent equations [27] . The ANSYS Fluent "surface-to-surface" algorithm was applied to resolve the radiative energy balance for the whole computational domain. This algorithm is based on the ray tracing method to determine the view factors for each surface element and fi nd a relation between the outgoing and incident energy fl uxes [27] .
Different fl ow regimes may exist inside the passive catalytic recombiner during the start-up phase. The fl ow character in the various sections of the PAR is dependent on the standard Reynolds number Re: calculated in the same conditions equals 27 in the inlet section, then falls to approximately Re = 4 at the end of the catalyst section and rises to Re = 6 in the chimney section. According to Dimotakis [28] , a transition from a weak to a fully developed turbulent fl ow, where characteristic -5/3 power-law regime appears in the turbulent energy spectrum, occurs at Re T  100. This condition was not met in the present study. Hence, the four-equation shear--stress transition model (SST intermittency model) is applied as a closure method for the solution of Reynolds averaged Navier-Stokes transport equations (RANS). In earlier tests, the SST intermittency model proved to be well suited for weakly developed turbulent fl ows typical for PARs [17] . The turbulence model is activated as soon as the standard Reynolds number exceeds 2300 in the inlet gas stream.
Computational grids
Four 2D computational grids of different densities were tested with the CFD model. All grids were built from quadrilateral elements, and they were structural except for short sections immediately below and above the catalytic foils (Fig. 3) . These unstructured parts of each grid were designed to allow a smooth transition between the low-density mesh in the PAR inlet and outlet sections and the high-density mesh in the catalyst section. In order to reduce the number of grid elements without deteriorating its high spatial resolution near the catalytic surface, the meshing density was gradually decreased in the
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direction normal to the walls. The expansion ratio of subsequent grid elements ranged from 1.04 to 1.08 for all tested meshes. It should be pointed out that the low Reynolds number turbulence SST model requires a very dense computational mesh close to the wall in order to work well at short distances from the leading edge [27] . Then, the transport equation for the turbulent frequency  can be integrated through the buffer and viscous sub-layers down to the channel wall. This condition is met when the dimensionless thickness y + characterizing the fi rst layer of grid elements at the wall is lower than unity. Table 1 summarizes some important mesh parameters, and Fig. 4 shows the temperature T [K] along the plane of symmetry of the catalytic foil obtained for the reference grid No. 1 and the deviations from this profi le for the less-dense grids, denoted as T [K]. These results were determined for a PAR operating in stationary conditions with 5 mol.% of hydrogen in the inlet air. It is very characteristic that the highest differences between the temperature profi les were found at the lower end of the catalytic foil at a short distance from the leading edge of the foil. This is the region where the steepest temperature and concentration gradients are observed in the direction normal to the catalytic surface, together with the highest recombination rates of hydrogen. On the other hand, the standard deviations of the temperature obtained for the entire length of the catalyst foil with respect to the most dense grid No. 1 were small: 0.39 K for grid No. 2, 0.80 K for grid No. 3 and 1.65 K for grid No. 4. This is so because all four tested grids were dense enough to fulfi l the condition y + <1 at the wall region. The turbulence SST model can also work if the viscosity-affected region is bridged by the wall functions. However, such an approach may lead to erroneous results near the leading edge of the immersed surface [27] .
Additional tests performed for the transient boundary conditions (i.e. variable composition of the inlet gas) proved that, to obtain a solution, the medium--density grid No. 3 requires twice shorter computation time than grid No. 1, with no signifi cant loss of accuracy, e.g. differences in the timing of subsequent events during the start-up phase of PAR remain within 1-2 s for the compared grids. Considering these facts, grid No. 3 was used in CFD simulations of the cold PAR start-up, which were carried out with a time step changing from 0.0001 s at the start to 0.1 s in the quasi-stationary mode of PAR operation.
Results
The rate of hydrogen release, the effectiveness of the applied methods of reducing hydrogen hazard other than passive catalytic recombination, the geometry of the reactor containment, the distance separating the PAR from a hydrogen source and many other factors affect the rate at which hydrogen concentration changes in the atmosphere surrounding the PAR. Numerical simulations were conducted to investigate in detail the PAR operation during a linear increase of hydrogen concentration from 0.5 to 5 mol.%. The duration of the concentration ramp was changed from 30 to 600 s. When the maximum hydrogen concentration was reached, the CFD simulation was continued until the average gas velocity and the overall recombination rate became constant. Figure 5 shows a plot of the average gas velocity at the bottom entrance of the PAR vs. time. Negative values of gas velocity during the initial phase of the recombiner operation indicate the presence of downward gas fl ow. The magnitude of this effect clearly depends on the duration of the concentration ramp. The faster the increase of hydrogen concentration, the lower is the local velocity minimum. The downward fl ow occurs because it takes some time before more hydrogen can get into the narrow channels between the catalytic foils and accelerate the exothermic recombination reaction. During that time, buoyancy force makes the heavy gas inside the PAR to fl ow down and the hydrogen-rich light gas from outside to fl ow into the PAR chimney. Furthermore, when water is produced, the average molecular mass of the gas inside the catalyst section increases. The gas temperature also increases, but not fast enough to compensate for the effect of higher average molecular mass. As a result, the gas density inside the catalytic section becomes even higher. The downward fl ow persists until hydrogen-rich gas fi lls the chimney and enters the catalytic section, as demonstrated in Fig. 6 , where it can recombine and generate enough heat to considerably increase the gas temperature. Subsequently, the fl ow direction is reversed, and the gas rapidly accelerates inside the PAR so that fl ow becomes turbulent below and above the catalytic section. This dynamic increase of gas velocity is slightly reduced when cold and the low viscosity hydrogen--rich gas, which entered the PAR from above, is fi nally pushed out of the chimney section by the hot and more viscous hydrogen-depleted gas. Later on, the gas velocity stabilizes when the stationary mode of PAR operation is attained. Figure 7 presents the average hydrogen concentration at the top opening of the PAR vs. time. During the phase of downward fl ow, this concentration follows the hydrogen concentration in the environment. After the fl ow direction reversal, a fall of the average hydrogen concentration, followed by a quick rise to a new lower level, is found. If the length of the hydrogen concentration ramp is smaller than 300 s, the fall of the hydrogen concentration is practically immediate and occurs after the maximum hydrogen concentration is reached in the PAR surrounding. It means that the recombiner was not able to warm up fast enough and complete the start-up phase. When the hydrogen concentration in the air adjacent to the PAR increases slowly enough, the average hydrogen concentration at the PAR top exit falls before reaching the 5 mol.% limit. Returning to Fig. 6 , one can see that during the initial period of the start--up phase, when the gas fl ow rate is low, hydrogen conversion in the gas passing the catalytic section is almost complete. When normal upward gas fl ow is established, this hydrogen-free gas is pushed up through the chimney, leading to a temporary decrease of hydrogen concentration. In reality, such a drastic descent in hydrogen concentration lasting just a few seconds may not be observed due to the inertia of the measuring devices and because of some scatter in the residence times of the fl uid elements inside the chimney. A time delay in full activation of the catalyst may also reduce the dynamics of this phase of PAR start-up and prevent such a drastic fall in the outlet hydrogen concentration from happening.
The overall recombination rate of hydrogen is usually determined by measuring the inlet gas velocity and composition, as well as the outlet gas composition [3] . This method gives accurate results, provided that the hydrogen accumulation rate within the PAR box is negligible when compared to its total recombination rate. The same problem with hydrogen accumulation can be met during CFD simulation, and to avoid it in the present study, the overall recombination rate was calculated by numerical integration of the local rate of the recombination reaction over the entire catalyst surface. Another problem often encountered during experiments is limited accuracy and sensitivity of a velocity or fl ow meter at low gas velocities. It can introduce errors into the hydrogen mass balance and delay the moment of detection of gas fl ow. Hence, it is very diffi cult to obtain reliable experimental data in the initial period of the PAR start-up phase, especially when the recombiner operation is to be tested in quiescent air. Fortunately, this is not the case for the proposed CFD model because it allows to calculate the overall recombination rate under any fl ow conditions. Figure 8 shows how the total hydrogen recombination rate changes during the entire start--up period depending on the length of the hydrogen concentration ramp. A comparative analysis of Figs. 5, 6 and 8 indicates that the recombination rate may exhibit a local maximum during the period of downward gas fl ow, and then it falls to zero at the moment of fl ow direction change. Afterwards, it increases sharply, till the hydrogen-depleted gas fi lls the chimney section. Finally, in the fi nal stage of the start-up phase, the recombination rate tends to its equilibrium value for the actual inlet gas composition and temperature. The slower the rate of increase in hydrogen concentration in the environment, the more precisely the recombination rate refl ects this concentration change.
Unlike other fl ow-reversal symptoms, the sign change of the temperature difference at the lower and upper edges of the catalyst foils can be easily detected [5, 6] . The rate of heat conduction along the metal sheets supporting the catalyst is slower than the rate of the local heat release in the recombination reaction. Hence, the temperature of the upper edge of the catalyst plate, where hydrogen concentration is the highest, must be higher than the temperature of the lower edge, where not much hydrogen is left in the gas. Results of numerical simulations, presented in Fig. 9 , confi rm it. The temperature of the upper edge of the catalyst foil increases, while the temperature of the lower edge remains practically unchanged until the moment of reversal of fl ow direction. Then, the temperature of the lower edge quickly rises, fi nally exceeding the temperature of the upper edge. Figure 10 shows in detail the dynamic changes of the temperature profi le occurring along the catalyst foil. Initially, local temperature variations of the catalyst are small. For longer times, when the upward gas fl ow stabilizes, the maximum catalyst temperature reaches almost 1025 K, while the lowest is close to 880 K. The high velocity and low temperature of the gas entering the catalyst section intensifi es heat convection from the thin metal sheets to the gas phase and cools the lower edge of the catalyst foil. In addition, radiative heat transfer, which becomes important at such high temperatures, is also responsible for the temperature fall at the lower end of the catalyst foil, where the energy can be easily radiated to the environment via the PAR's bottom exit.
There is no universal and commonly accepted defi nition of PAR start-up time. Some defi ne it as the time elapsing from the moment of the fi rst hydrogen release to the fi rst measurable decrease of hydrogen concentration at the PAR top exit [3] . Others prefer to identify the start-up time as the time passing from the moment at which hydrogen appears at the PAR bottom exit to the fi rst rise of the catalyst temperature by a given increment [5] . In this study, three different defi nitions are formulated and compared with one another. The start-up time is defi ned as the time elapsing from the initial state (0.5 mol.% H 2 , 298 K) to the moment when the following happen: -the direction of the gas fl ow at the PAR bottom entrance is reversed (t v ); -the local minimum of the average hydrogen concentration at the PAR top exit is observed (t x ); -the temperature of the lower end of the catalytic foil becomes higher than the temperature of the upper one (t T ). All three defi nitions refer to different physical parameters and can be implemented in real tests. Values of the start-up times as predicted by the CFD model for different lengths of the hydrogen concentration ramp are presented in Table 2 . The following general rule can be inferred from these results:
First, the upward gas movement begins, then the hydrogen-rich gas is removed from the chimney and, fi nally, the lower end of the catalytic foil becomes hotter than the upper one.
It seems that the FR-380 recombiner is not able to start its normal operation before hydrogen concentration in the surrounding air is increased to 5 mol.% when the concentration ramp lasts <300 s.
It has been assumed so far that the catalyst in the PAR is fully active and the overall hydrogen recombination rate can be estimated by a simple multiplication of the recombination rate obtained for one channel of the catalyst section. However, it can happen that large parts of the catalyst surface become fouled by aerosol particles containing organic and inorganic poisons. Reactivation of the catalyst is sometimes possible by increasing its temperature, but it can affect PAR operation during the start-up phase, because the recombination reaction starts at higher hydrogen concentrations.
Numerical simulations of the thermal reactivation of the catalyst have been carried out in a computational domain comprising four channels of the catalyst section of the Areva FR-380 recombiner (Fig. 11) . The catalyst was initially active only at the side walls of foil No. 1. The catalyst reactivation temperature at the remaining foils 2-5 was set arbitrarily to 60°C (333 K), which is the nominal temperature of the inlet gas according to Areva Inc. [4] . The same initial and boundary conditions were applied as in the computations carried out for a single channel. Zero momentum, heat and mass fl uxes were set at the left and the right borders of the computational domain, running along the symmetry planes of the foils 1 and 5. The results of CFD modelling are presented graphically in Figs. 12-14, along with reference data obtained for the initially active catalyst at all foils.
According to Fig. 12 , the average temperature of plate No. 1, the one with the initially active catalyst, increases fi rst. Then, part of the reaction heat is con- (Fig. 13) .
The small heat capacity of the very thin foils installed in the PAR box and the high emissivity of their side surfaces ( k  0.8) considerably shorten the time required to complete the catalyst reactivation process. However, the speed of the domino effect, as illustrated in Figs. 12 and 13 , can be reduced in real conditions by fouling the catalyst surface with dust or other deposits, which decreases the emissivity coefficient of this surface. The rate of heat transfer between the catalytic foils can be also reduced by steam at high concentrations absorbing heat radiation.
The initial phase of the start-up period, when gas in the PAR fl ows downwards, is shorter than that in the reference case of the completely active catalyst at all foils (Fig. 14) . This phenomenon can be attributed to the lack of symmetry of the velocity, temperature and concentration fi elds in the channels between the catalytic foils. It seems that differences in the catalyst activity, which disappear at elevated temperature, can accelerate the PAR start-up. Nevertheless, as soon as the normal upward fl ow of gas is attained, the increase of the inlet gas velocity is not as quick as in the reference case (Fig. 14) .
The results of the CFD model have been compared with the results of two experimental tests HR-1 and HR-2 conducted at the THAI facility [3] . The PAR used in these experiments was the Areva FR-380 recombiner, with the width of its metal housing reduced by half and with 19 instead of 38 catalytic foils. The length of the PAR inlet section was increased from 0.06 to 0.36 m, and this extension had a rounded inlet to minimize head loss. The PAR was attached to the outer wall of a draft tube installed centrally in the lower part of a cylindrical vessel of 60 m 3 volume. At the beginning of both tests, the vessel was fi lled with dry air at atmospheric pressure (0.1 MPa) and room temperature (300 K). Then, hydrogen was injected through a ring feed line installed below the draft tube. Both tests consisted of two phases. During the fi rst 25 min in the HR-1 test and 20 min in the HR-2 test, hydrogen concentration was gradually increased from 0 to 6 mol.%. The PAR started to operate after 16 min in the HR-1 test and after 7 min in the HR-2 test from the fi rst hydrogen injection. When hydrogen content in the vessel was reduced to <0.3 mol.%, the second phase of each test began. Hydrogen injection was started again and continued until hydrogen ignition took place inside the PAR. The fi rst phase of the experiments was modelled in the present work. The following input data were used in the CFD calculations: -initial average temperature and composition of the gas phase in the vessel, -initial average temperature of the catalytic foils, -transient gas pressure in the vessel, and -transient temperature and composition of the inlet gas stream. Zero initial gas velocity inside the PAR and quiescent air outside was accepted. Gas density outside the PAR was set equal to the density of the inlet gas stream. It was also assumed that the catalyst activity is the same at all metal sheets supporting it. The control volume, shown in Fig. 2 , and consequently the computational grid, were extended to fully comprise the longer inlet section of the test recombiner. The results of CFD computations are presented in Figs. 15-17 (HR-1 test) and in Figs. 18-20 (HR-2 test) .
When no delay in the onset of the recombination reaction was assumed in simulations, the CFD model predicted the start of the upward gas fl ow 11 min earlier than it took place in the HR-1 test (Fig. 15) . It might be explained by the low initial activity of the catalyst during this test. In order to adjust the model predictions to the experimental results, the onset of the recombination reaction was delayed to the moment when the hydrogen concentration reached 2.81% in the inlet stream. In these circumstances, a more rapid increase of the inlet gas velocity was calculated than that determined in the fi rst simulation. Later, the calculated inlet gas velocity became smaller than the measured one and the difference between the model and experimental results was reduced at long times.
The temperature of the catalytic foils is another process parameter directly correlated with the course of PAR start-up behaviour. Figure 16 presents a comparison of the calculated and measured temperatures at the lower edge of the catalytic foil. It can be seen that the CFD model predicted temperature well in the initial period of operation. However, at longer times, when the hydrogen concentration in the inlet gas stream becomes reduced, the model predicted a faster fall in temperature than that recorded in the experiment. Probably, the catalytic foils were able to absorb heat accumulated earlier in the metal elements supporting them.
The CFD model overestimated the maximum hydrogen recombination rate at the initial phase of PAR operation (Fig. 17) . This difference could be explained by the larger-than-simulated dispersion of the gas elements in the long PAR chimney or by differences between the start-up times of the hydrogen recombination at particular catalytic foils. However, the moment of reaching the maximum rate of hydrogen removal was calculated accurately and the discrepancy between the calculated and measured recombination rates was quickly reduced after passing this maximum.
The HR-1 and HR-2 tests were conducted subsequently almost in the same conditions, but in the second test, the PAR began its normal operation 9 min earlier than in the fi rst test. Probably, the fi rst experiment must have increased the catalyst activity to a higher level. Therefore, when no delay in the onset of recombination reaction was assumed in simulations, the model predicted the start of the upward gas fl ow 2.5 min earlier than it took place in the HR-2 test (Fig. 18) . In order to improve the model's accuracy, the onset of the recombination reaction was set to the moment when the hydrogen concentration reached 1.06% in the inlet stream. Similarly, as in the previous test, a faster increase of the inlet gas velocity was calculated compared to that measured in the experiment, but the difference between the model and the experimental results was considerably reduced at long times.
The CFD model predicted very well the temperature of the lower edge of the catalytic foil during the fi rst 30 min from the start of the recombination reaction in the HR-2 test (Fig. 19) . For longer times, the calculated temperature decreased faster than the measured one, similar to the previous test.
The moment of reaching the maximum rate of hydrogen removal was calculated properly, but this rate was considerably higher than that obtained in the experiment (Fig. 20) . Again, as in the previous test, the discrepancy between the calculated and the measured recombination rates became negligible at long times.
The presented comparison of the numerically simulated and the experimentally determined behaviour of a PAR during its cold start indicates that the proposed modelling approach allows the identifi cation of reduced catalyst activity and correctly predicting the timing of subsequent start-up events as well as the temperatures of the catalytic foils during the start-up phase. The calculated inlet gas velocity and the total recombination rate agree well with the experimental results after the warm-up phase of the recombiner during its normal operation.
Conclusions
The mathematical model of the PAR proposed in this work, based on the methods of CFD, offers a possibility to investigate in detail various aspects of the transient behaviour of this device for hydrogen removal. The model has been able to identify the phenomenon of downward gas fl ow through the PAR metal casing in the initial phase of the start-up period and to correlate the magnitude and duration of this effect with the rate of increase of hydrogen concentration in the environment. It was found that the experimental data, reported in the literature, on the dynamic changes of the temperature along the metal sheets supporting the catalyst layer could be directly related to the reversal of the gas fl ow direction in the PAR, from downward to upward fl ow. Furthermore, once the normal for PAR operation upward gas fl ow is established, all key physical parameters begin to change quickly so that the recombiner can swiftly approach a quasi-equilibrium mode of operation.
The distribution of hydrogen inside the PAR, the rate and the degree of hydrogen recombination were also found to be mutually linked with complex fl ow phenomena. Unlike previous simplifi ed models of PAR, the present approach fully accounts for processes of mass, energy and momentum accumulation within all PAR sections, which is absolutely essential in the case of quickly changing outer conditions during a severe failure of the reactor cooling system. The model can be used to test PAR operation in various arbitrarily defi ned accident scenarios, including very fast (within tens of seconds) increase of hydrogen concentration from very small to near ignition level and to determine the minimum start-up times. The infl uence of reduced catalyst activity, along with the thermal reactivation of the catalyst, during the course of hydrogen recombination could be another fi eld of CFD model application due its capability to resolve transient PAR behaviour without the need to simulate gas convection in the environment.
The results of modelling presented in this work were obtained for the quiescent environment. However, the pressure boundary conditions used in the model formulation to simulate a fully autonomic operation can be easily modifi ed to allow the modelling of PAR working in conditions of external co-current or counter-current gas fl ow. 
